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We have been studying oligodendrocyte generation in vitro to obtain insights into how the timely generation of these cells
might be regulated. Our studies suggest the existence of timing mechanisms quite different from those of existing models,
wherein it is proposed that timely oligodendrocyte generation is associated with synchronous and symmetric differentiation
controlled by cell-intrinsic biological clocks. Our results are most consistent with the hypothesis that the propensity of a
clone of dividing oligodendrocyte type-2 astrocyte (O-2A) progenitors initially to generate at least one oligodendrocyte may
be regulated by cell-intrinsic mechanisms, but that cell-extrinsic signals regulate the extent of further oligodendrocyte
generation. In cultures of embryonic rat cortex grown in the presence of platelet-derived growth factor (PDGF), oligodendro-
cytes appeared in a timely manner in the absence of clonal differentiation. In contrast with previous suggestions, the
presence or absence of thyroid hormone (T3) did not alter the probability of individual clones of O-2A progenitors generating
at least one oligodendrocyte in vitro at a time equal to the rat's day of birth. Instead, T3 increased the proportion of
oligodendrocytes generated within clones. For postnatally derived progenitor cells, the initial appearance of oligodendrocytes
also was followed by further asymmetric generation of these cells, with the ratio of progenitors to oligodendrocytes within
clones being regulated by environmental signals. T3 and ciliary neurotrophic factor increased oligodendrocyte generation,
while neurotrophin-3 (NT-3) suppressed oligodendrocyte generation. Also in contrast to previous reports, NT-3 was not
required for the promotion of extensive division of O-2A progenitor cells by PDGF. q 1996 Academic Press, Inc.
INTRODUCTION The timing of differentiation can be controlled both by
cell-intrinsic mechanisms and by environmental signals.
An example of a cell-intrinsic timing mechanism is offeredIt is a striking feature of ontogenic development that par-
by the switching from production of fetal to adult hemoglo-ticular cell types appear at precisely regulated moments in
bin in the erythrocytes produced by fetal- or adult-derivedthe history of the organism. Regardless of whether one stud-
hematopoietic stem cells. The timing at which adult hemo-ies cellular development in C. elegans or in humans, in any
globin is produced following transplantation of fetal hema-tissue examined the appearance of the individual cell types
topoietic stem cells to adult animals is determined by thethat contribute to that tissue occurs with a highly stereo-
age of the donor embryo, strongly indicating the regulatortyped timing. Understanding the mechanisms that regulate
of this timing to be a cell-intrinsic biological clock residingsuch timed differentiation is one of the profound challenges
within the hematopoietic stem cell (Bunch et al., 1981;in developmental biology.
Wood et al., 1985; Melis et al., 1987; reviewed in Groves et
al., 1991). An example of the latter process, wherein the
timing of differentiation is initiated by signaling molecules1 To whom correspondence should be addressed at the Huntsman
produced exogenously to the differentiating cell, is offeredCancer Institute. Fax: 801 585 7120. E-mail: Mark.Noble@genetics.
utah.edu. by the dramatic effects of thyroid hormone on modulating
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the timing of differentiation in amphibian species (e.g., this progression is inhibited so long as both growth factors
are present.Wang and Brown, 1993; Tata, 1994; Brown et al., 1995).
An example of a timing mechanism that may be con- The model of differentiation control suggested by our
studies on O-2A progenitor cells grown in the presence oftrolled by both cell-intrinsic mechanisms and the action of
exogenous signaling molecules is the timely generation of PDGF / bFGFÐin which differentiation controlled by an
internal clock can be inhibited by exogenous signalsÐisoligodendrocytes, the myelin-forming cells of the central
nervous system (CNS). Oligodendrocyte type-2 astrocyte mirrored by a model suggested by studies of Barres et al.
(1994a) on the actions of thyroid hormone on dividing O-(O-2A) progenitor cells, the precursor cells that give rise to
oligodendrocytes (Raff et al., 1983), will generate oligoden- 2A progenitor cells. The results of these studies were inter-
preted to suggest that dividing O-2A progenitor cells havedrocytes prematurely unless they are induced to divide by
appropriate mitogens (Noble and Murray, 1984). In contrast, an absolute requirement for the presence of a hydrophobic
signaling molecule (such as thyroid hormone, retinoic acid,O-2A progenitor cells stimulated to divide by puri®ed corti-
cal astrocytes or by platelet-derived growth factor (the major or dexamethasone) in order to be able to generate oligoden-
drocytes. Thus, according to this model, the clock that mea-O-2A progenitor mitogen produced by astrocytes; Noble et
al., 1988; Richardson et al., 1988; Raff et al., 1988) generate sures the mitotic lifespan of O-2A progenitor cells must
work in positive cooperation with an exogenous signalingoligodendrocytes in vitro with a timing like that observed
in vivo (Noble and Murray, 1984; Raff et al., 1985, 1988; molecule in order to induce differentiation.
We also have been studying the role of thyroid hormoneTemple and Raff, 1986).
The observation that clonal families of O-2A progenitor in the development of oligodendrocytes and initiated the
present studies to ask two simple questions. We ®rst wishedcells dividing under the in¯uence of type-1 astrocytes or
PDGF frequently undergo synchronous and symmetrical to know whether the presence of thyroid hormone was re-
quired for the appropriately timed generation of oligoden-differentiation throughout a cell family led to the sugges-
tion that the timed generation of oligodendrocytes is regu- drocytes in vitro. We further wished to determine whether
the initial generation of oligodendrocytes in cultures of em-lated by a cell-intrinsic clock that resides within the O-2A
progenitor cell (Temple and Raff, 1986). The intrinsic clock bryonic rat brain occurred in a manner that would be consis-
tent or inconsistent with a model of symmetric divisionmodel originally proposed by Temple and Raff (1986) re-
mains the dominant experimental model for the analysis of followed by synchronous differentiation of entire clonal
families of cells.timed differentiation in this lineage (Temple and Raff, 1986;
Raff et al., 1988; Hart et al., 1989a,b; Noble, 1991; Wren et The results of our experiments indicate that existing
models for the control of the timely generation of oligoden-al., 1992; McKinnon et al., 1993; Barres et al., 1994a,b;
ffrench-Constant, 1994). It is important to note, however, drocytes in vitro are not likely to be correct and that control
of this process appears to be more complex than previouslythat similarly symmetric and synchronous differentiation
has not been observed in studies on O-2A progenitor cells suggested. We found that dividing O-2A progenitor cells
grown in the absence of T3 generate oligodendrocytes infrom other CNS regions (Vaysse and Goldman, 1990; Lubet-
zki et al., 1992; Zhang and Miller, 1995). Moreover, no pre- vitro in an appropriately timed manner. The heterogeneous
composition of oligodendrocyte-containing colonies ob-viously published data appear to have directly addressed the
question of whether the ®rst appearance of oligodendro- served in these experiments indicates strongly that the ini-
tial generation of oligodendrocytes is not controlled by ancytes from dividing embryonic progenitor cells occurs
through symmetric clonal differentiation. internal clock which works by causing symmetric progeni-
tor cell division and synchronous differentiation of clonalStudies on the generation of oligodendrocytes by O-2A
progenitor cells grown in chemically de®ned medium (Bot- families of cells. Our data instead suggest that the mecha-
nism controlling the timely initial generation of oligoden-tenstein and Sato, 1979) in the presence of both PDGF and
basic ®broblast growth factor (bFGF) indicate that it is possi- drocytes enables timed differentiation in the presence of
assymmetric division and differentiation and that exoge-ble to distinguish between the measurement of time by
these precursor cells and the ability of the measuring pro- nous factors (including such molecules as T3, NT-3, and
CNTF) separately modulate the probability of progenitorcess to induce differentiation. The combined application of
PDGF / bFGF induces O-2A progenitor cells to undergo self-renewal within a dividing clone. We believe that the
currently available data suggest strongly (i) that oligoden-repeated division in the absence of differentiation (BoÈ gler
et al., 1990) and thus extends the mitotic lifespan of these drocyte generation, at least in vitro, is regulated by multiple
timing mechanisms, (ii) that the mechanism(s) that limitscells beyond that observed when cells are exposed only to
PDGF. Nonetheless, cells grown for progressively longer the total number of divisions that members of an O-2A
progenitor cell family undergo before differentiating mayperiods of time in the presence of both mitogens become
increasingly unresponsive to stimulation by PDGF alone be distinct from the mechanism(s) that regulates the initial
timely generation of oligodendrocytes, (iii) that the initial(BoÈ gler and Noble, 1991, 1994). Thus, cells prevented from
differentiation by exposure to this combination of mitogens generation of oligodendrocytes within a single clone of cells
occurs in association with asymmetric division and differ-behave as though the biological clock that limits their mi-
totic lifespan has continued to function and has brought entiation, and (iv) that the mechanism(s) which leads to
apparently symmetric division and differentiation of clonalthe cells to brink of differentiation, yet the enactment of
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tilled water and mounted cell side down in a drop of anti-fadefamilies of O-2A progenitor is not cell intrinsic but is in-
mountant (a 2.5% w/v solution of 1,4-diazabicyclo(2.2.2)octane instead largely regulated by environmental signals.
glycerol) to retard fading of ¯uorescence (Johnson et al., 1982) andOur results further indicate the need for revision of cur-
sealed with clear nail varnish. Specimens were viewed on a Zeissrent hypotheses regarding not only the role of T3, but also
Axiophot microscope equipped with phase-contrast optics, interfer-the roles of PDGF, NT-3, and CNTF in modulating the
ence-contrast optics, epi¯uorescent illumination, and selective ®l-
development of oligodendrocytes. ters for rhodamine, ¯uorescein, and coumarin. Specimens were
photographed using Fujichrome 400D color transparency ®lm. The
following antibodies were used in this study: The A2B5 mouse IgM
monoclonal antibody (Eisenbarth et al., 1979) was prepared as aMATERIALS AND METHODS
hybridoma supernatant and used at a dilution of 1:3. This antibody
recognizes a variety of gangliosides including GQ1c, GT3, GQ1b, and
Preparation of cell cultures. Cultures were prepared either certain derivatives of these gangliosides (Dubois et al., 1990). A
from embryonic rat cortex or by isolation of puri®ed O-2A progeni- mouse IgG3 monoclonal antibody against galactocerebroside (GalC;
tor cells from optic nerves of 1- or 7-day-old rats (P1 and P7, respec- Ranscht et al., 1982), a speci®c label of oligodendrocytes (Raff et
tively). Single cell suspensions were prepared using collagenase, al., 1978), was prepared as a hybridoma supernatant and used at a
trypsin, and EDTA as described previously (e.g., Raff et al., 1985; dilution of 1:3. The O4 monoclonal antibody (Sommer and
Williams et al., 1991; Mayer et al., 1994). Puri®cation of O-2A Schachner,1981), which speci®cally recognizes cells of the O-2A
progenitor cells from optic nerves of P1 and P7 rats by immunopan- lineage in the brain regions under investigation (Barnett et al.,
ning was as described previously (Mayer et al., 1994); in these prepa- 1993), was prepared as a hybridoma supernatant and used at a dilu-
rations papain was used for tissue digestion instead of trypsin. In tion of 1:3. A rabbit antiserum to bovine GFAP was purchased from
the ®nal culture the contaminating number of A2B50 cells (type- Dakopatts and used at a dilution of 1:500. All ¯uorescein- and
1 astrocytes and oligodendrocytes) represented 0.5% of the total rhodamine-conjugated secondary layer antibodies were purchased
cells while O-2A progenitors were present at 99.5%. from Southern Biotechnology Associates (U.S.A.) and were used at
For embryonic cultures, 20,000 cells from embryonic brain (dis- a dilution of 1:100.
sected free of meninges and olfactory bulb) were cultured on poly-
Infection and analysis of embryonic cultures with BAG retrovi-
L-lysine-coated slide ¯asks (PLL; Sigma; Mr 175,000 20 mg/ml) in rus. The infection, construction, and production of the BAG retro-
0.3 ml Dulbecco's modi®ed Eagle's medium (DMEM) supple-
virus has been described previously (Price et al., 1987; Williams et
mented with 25 mg/ml gentamicin, 2 mM glutamine, 1 mg/ml bo-
al., 1991). Brie¯y, viral producer cells were maintained in Dulbec-
vine pancreas insulin (Sigma), 100 mg/ml human transferrin
co's modi®ed Eagle's medium supplemented with 10% calf serum.
(Sigma), 0.0286% (v/v) BSA pathocyte (Miles Laboratories, Inc.), 0.2
Viral stocks were generated by removing the medium from pro-
mM progesterone (Sigma), 0.10 mM putrescine (Sigma), 0.224 mM
ducer cells and ®ltering it through a 0.45-mm ®lter. Virus was ali-selenium (Sigma) modi®ed from Bottenstein and Sato (1979;
quoted and stored at 0707C. The viral titer was de®ned as theDMEM-BS). Embryonic cultures also received 10 ng/ml of PDGF
number of X-Gal-stained clones that were produced in freshly{ 45 nM (27 mg/ml)L-triiodothyronine (T3; Sigma) as detailed in
plated NIH 3T3 cells per unit volume of virus (see Price andthe text. These plating densities yielded single colonies of O-2A
Thurlow, 1988). The producer cell line is helper free (personal com-lineage cells well separated from each other at all of the time points
munication, J. Price; Price et al., 1987). Titrations and infectionsunder investigation (1 colony/20±30 mm2). The plug date used
were carried out in the presence of 5 mg/ml Polybrene (Sigma).to determine age of embryos was equivalent to E0.
Infected cultures were generated from cortices of E17 and E19Puri®ed progenitor cultures derived from P1 or P7 optic nerves
rats. Cells were infected by adding 50 ml (104 CFU) of BAG retrovi-were plated onto PLL-coated 25-cm2 ¯asks at a plating density of
rus to each culture well either 2 days after cells were plated or 4500±1000 cells/¯ask and grown in identical media to embryonic
days after cells were plated. Three to four hours after infection,cells. All experiments on cells from postnatal animals were carried
fresh medium was added to the culture and cells were then stainedout both on P1- and P7-derived populations; where results differed
at different intervals after infection, as indicated in the text. Tobetween these two populations, this is explicitly discussed in the
analyze cultures, cells were ®rst labeled as living cultures with celltext.
type-speci®c antibodies as indicated in the text and then processedPDGF was added daily at a concentration of 10 ng/ml. CNTF,
for X-gal visualization of b-galactosidase expression as describedNT3, forskolin, and T3 were added daily at concentrations de-
in Price et al. (1987).scribed in the text for each individual experiment. Recombinant
Analysis of division and differentiation of puri®ed O-2A pro-human PDGF-AA was a kind gift from C.George-Nascimento and
genitor cells. Puri®ed progenitor cells were grown by several dif-L. Coussens (Chiron Corporation, Emeryville, CA). Recombinant
ferent methods. In order to follow clones of cells on a daily basis,rat CNTF was obtained from Precision Research Biochemicals. Re-
puri®ed progenitor cells either were plated at a density of 500±combinant human NT-3 was purchased from PeroTech INC and
1000 cells in 25-cm2 ¯asks or were plated in Terasaki plates at aforskolin was obtained from LC Laboratories.
dilution of cells that yielded clear clones of cells in greater thanImmunocytochemistry. All antibodies were diluted in Hanks'
one-third of the wells. Cells also were plated into slide ¯asks at abalanced salt solution (Imperial Laboratories) containing 0.05% w/
density of 200 cells per ¯ask. These plating densities yielded av sodium azide (BDH-Merck), 5% heat inactivated donor calf serum
range of 100±150 clones per 25-cm2 ¯ask (i.e., an average density(Imperial Laboratories) buffered to pH 7.4 with Hepes (Sigma) prior
of 1 clone/15 mm2) and 10±12 clones per slide ¯ask (i.e., anto use, and applied to cells for between 30 and 45 min. Antibodies
average density of 1 clone/100 mm2). After 24 hr, cells in allto cell surface antigens were applied directly to living cells. To
conditions were analyzed visually to identify single cells (and, invisualize glial ®brillary acidic protein (a speci®c marker of astro-
the case of cells growing in ¯asks, in suf®cient isolation from othercytes; Bignami et al., 1972) cells were permeabilized at 0207C for
cells so as not to compromise clonal analyses). Clones were marked15 min with methanol that had previously been cooled to 0707C.
After antibody staining, coverslips were washed three times in dis- and numbered on the plastic to allow daily identi®cation and were
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examined each day for the duration of the experiment. For analysis O4 and anti-GalC antibodies to identify colonies of O-2A
of cells in Terasaki plates, plates were scored after 24 hr to identify lineage cells. The O4 antibody is the only pre-oligodendro-
wells containing one single viable progenitor cell. Such wells were cyte marker that speci®cally labels O-2A lineage cells in
marked and then followed on a daily basis. As it was observed that the CNS (except for in the olfactory bulb; Barnett et al.,
progenitor cells could also adhere to the sides of the Terasaki wells 1993) and previously has been shown to label O-2A progeni-
and migrate down into the bottom of the wells at later days, in
tor cells in embryonic cultures (Noll et al., 1994). As thecases where a new migatory cell appeared distant from the original
O4 antibody appears to label a subset of the A2B5/GalC0clone the well was no longer included for analysis.
O-2A progenitor population, separate cultures also were la-Clones grown in all of these conditions were monitored for cell
beled with a combination of A2B5 and anti-GalC antibodies.death, as well as for differentiation. In all conditions, the ability
to visualize cells readily and the lack of macrophages in the culture With respect to our analyses of clonal asymmetry and ef-
meant that cells that died were readily observable. As expected in fects of various factors modulating oligodendrocyte genera-
cultures exposed to progesterone, insulin, and PDGF (along with, tion, results obtained with O4 and A2B5 antibodies were
in some experiments, NT-3 and CNTF), cell death was a rare phe- indistinguishable, except for the fact that cultures stained
nomenon. No instances of O-2A progenitor cell death were ob- with the A2B5 antibody exhibited still higher degrees of
served, and oligodendrocyte death was observed extremely rarely. asymmetry due to the ability of this antibody to label pre-
Thus, the results reported were not confounded by cell death in
O4/ O-2A progenitor cells.the cultures.
Oligodendrocytes ®rst appeared at a time correspondingAt the end of each experiment, slide ¯asks were labeled with
to the time of their ®rst appearance in vivo (i.e., the day ofA2B5 and anti-GalC antibodies to con®rm the cell-type identi®ca-
birth of the rat), regardless of whether T3 was added to thetion carried out using morphological criteria. In some experiments,
the tops and sides of T25 ¯asks were also removed to allow immu- cultures. Moreover, the presence or absence of T3 was not
no¯uorescence analysis of the cultures. All analytical methods gave associated with any differences in the percentage of total
essentially identical results. colonies that contained oligodendrocytes. When examined
Preparation of hypothyroid animals. Wistar rats were used in 5 days after plating, a time corresponding to 1 day before
all experiments. All animal procedures were conducted according birth, cultures exposed to T3 contained a total of ®ve oligo-
to the NIH Guidelines on the Care and Use of Experimental Ani- dendrocytes, of several thousand O-2A progenitors growing
mals. To induce fetal and neonatal hypothyroidism, drinking water
in well-isolated colonies. Cultures exposed to PDGF butcontaining 0.02% methylmercaptoimidazol (MMI) was adminis-
not T3 contained no oligodendrocytes at this time (data nottered to pregnant rats starting from the ninth day after conception
shown). Just 1 day later, however, all cultures containedand was continued until the end of the experiments. In addition
substantial numbers of oligodendrocytes. Colonies wereto MMI treatment, the newborns were surgically thyroidectomized
when they were 5 days old. This protocol results in profound hypo- then randomly chosen for detailed analysis on the basis of
thyroidism, as shown by very low thyroid hormone concentrations whether they contained cells with the morphology of O-
in the brain (MunÄ oz et al., 1991; RodrõÂguez-PenÄ a et al., 1993) and 2A progenitors. In cultures exposed to T3, 40/60 randomly
by obvious physiological landmarks of hypothyroidism. chosen clones contained at least one oligodendrocyte. Simi-
larly, 35/60 of the randomly chosen colonies that developed
in the absence of T3 also contained at least one oligodendro-
cyte (Table 1 and Fig. 1a).RESULTS
Almost all colonies of cells in the cultures of embryonic
rat brain that contained oligodendrocytes also containedThyroid Hormone Is Not Required for the Timed
many unipolar and bipolar O4/GalC- O-2A progenitorGeneration of Oligodendrocytes
cells. Of the 75 oligodendrocyte-containing colonies exam-
ined, only 2 contained no detectable progenitor cells. BothTo determine whether the presence of thryoid hormone
is required for the appropriately timed generation of oligode- of these homogeneous oligodendrocyte colonies developed
in cultures exposed to T3. The issue of whether such obser-ndrocytes in vitro, we examined the differentiation of O-
2A progenitor cells in cultures prepared from brains of 15- vations truly indicate asymmetric generation of oligoden-
drocytes will be returned to in a later section of this paper.day-old rat embryos (E15) and grown in thyroid hormone-
de®cient chemically de®ned medium (DMEM-BS/T30, the Two further striking aspects of differentiation in the em-
bryonic cultures were the enormous range in the numbersbasal medium used in all experiments in this paper), supple-
mented with 10 ng/ml of PDGF { 45 nM T3. It previously of oligodendrocytes present in any single colony and in the
proportionate representation of oligodendrocytes within ahas been shown that oligodendrocytes are generated with a
timing which reproduces that observed in vivo when embry- colony. Individual colonies contained between 1 and 88 oli-
godendrocytes. Excluding the homogeneous colonies (noneonic optic nerve or spinal cord cultures are grown in
DMEM-BS that contains T3 and is further supplemented of which contained more than 10 cells), these numbers rep-
resented anywhere from less than 1% to as much as 81%with PDGF (Raff et al., 1988; BoÈ gler et al., 1990; Noll and
Miller, 1994). of the total cells in the colony. The degree to which oligode-
ndrocytes contributed to the composition of a particularCultures were grown at a density that yielded individual
colonies of O-2A lineage cells well separated from each colony was not, however, strictly correlated with the total
number of oligodendrocytes present in that colony. For ex-other (see Materials and Methods). On the ®fth, sixth, and
seventh days of in vitro growth, cultures were stained with ample, in cultures exposed to T3 we observed colonies with
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TABLE 1 Although it was clear that the presence or absence of T3
Growth of Embryonic O-2A Progenitor Cells in the Presence or had little effect on the timing of the initial generation of
Absence of Thyroid Hormone Does Not Alter the Appropriately oligodendrocytes, T3 nonetheless did have readily observ-
Timed Generation of Oligodendrocytes able effects on the differentiation of O-2A progenitor cells
in these cultures. As shown in Table 1 and Fig. 1a, both
Conditions /T3 0T3
the total number of oligodendrocytes and the average and
maximal percentages of oligodendrocytes within each O-2ANumber of O-2A lineage cells 6268 6850
Number of oligodendrocytes 1013 257 lineage colony was greater if T3 was present in the culture
Number of counted clones 60 60 medium. For example, in mixed colonies developing in the
Number of O-2A cell-containing clones 58 56 presence of T3 there were, on average, four times as many
Pure oligodendrocyte clones 2 0 oligodendrocytes per colony as in parallel cultures not ex-
Pure progenitor clones 18 21 posed to T3. In addition, the maximal number of oligoden-
Mixed clones 38 35 drocytes per colony was greater and the percentage of oligo-
Cell types in mixed clones (%)
dendrocytes per colony was greater. In the colonies grownBipolar progenitors (04//GalC0) 65 80
in the absence of T3, the maximum number of oligodendro-Multipolar progenitors (04//GalC0) 19 16
cytes per colony was 30 and the maximum percentage ofOligodendrocytes (04//GalC/) 16 4
oligodendrocytes in a colony was 21%, compared with val-
Note. Cultures of E15 rat cortex were grown in DMEM-BS supple- ues of 88 oligodendrocytes and 81%, respectively, for colo-
mented with PDGF. Parallel cultures were grown in the presence nies developing in the presence of T3.
or absence of T3. After 6 days of in vitro growth, ¯asks were stained It also was noteworthy that when we scored the total
with either A2B5 and anti-GalC antibodies or O4 and anti-GalC number of O4/ multipolar cells in colonies (which includes
antibodies; the data presented in this table were derived from the
O4/GalC0 cells that might be in the early stages of differ-latter staining. After staining, ¯asks were examined by ¯uores-
entiating into oligodendrocytes), the differences betweencence microscopy, and all of the labeled cells contained in 60 ran-
T3/ and T30 conditions were still less marked than whendomly chosen colonies were counted from the T3/ and T30 condi-
we restricted the de®nition of oligodendrocytes to includetions to obtain the information displayed. Comparable results were
obtained from ¯asks labeled with A2B5 and anti-GalC antibodies, only GalC/ cells. Thus, it may be that the effects of T3 are
although the percentage representation of oligodendrocytes in each exerted at a late stage of oligodendrocyte generation.
colony was reduced due to the ability of the A2B5 antibody to label
O-2A progenitor cells that are not yet O4/.
Initial Oligodendrocyte Generation in Embryo-
Derived Cultures Frequently Occurs in Association
with Asymmetric Division and Differentiation
as many as 86 oligodendrocytes in which these GalC/ cells
represented less than one-third of the total O4/ cells, with To determine whether the oligodendrocytes observed in
the above experiments might represent subclones of cells48 oligodendrocytes where these cells represented 81% of
the total colony, and colonies with 8 oligodendrocytes and that were undergoing synchronous differentiation, we la-
beled cultures of embryonic brain with a retrovirus encod-no progenitor cells at all.
FIG. 1. Heterogeneity of O-2A progenitor cell clones in which oligodendrocytes are generated. (a) The initial generation of oligodendrocytes
from dividing embryonic O-2A progenitor cells is not associated with clonal differentiation. In this ®gure the colonies scored for Table
1 have each been presented as single circles in scatter plots. In the upper ®gures, the percentage of cells that were GalC/ oligodendrocytes
is plotted on the Y-axis against total cell number in the colonies on the X-axis. As can be seen, in most cases, oligodendrocytes were a
minority population in the colonies, regardless of colony size and regardless of the presence or absence of T3. It may be that for the very
largest colonies there is a lesser probability of generating oligodendrocytes than in colonies containing less than 200 cells, but even in
these cases oligodendrocytes and progenitors were both found in the same colony of cells. In the lower graphs, the percentage of cells
that were O4/ GalC0 multipolar cells (and thus might have been close to becoming GalC/ oligodendrocytes) has been included together
with the GalC/ cells. Even by this more conservative evaluation, colony composition was not consistent with the hypothesis that the
initial generation of oligodendrocytes is associated with symmetric and synchronous differentiation of all clonally related cells. In addition,
it is noteworthy that differences between colonies grown in the presence and absence of T3 appear to be less marked in respect to the
entire population of O4/ GalC0 multipolar cells than they are for the more restricted population of GalC/ oligodendrocytes, raising the
possibility that the effects of T3 are exerted at a late stage of oligodendrocyte generation. (b) Cultures of E17 cortex were grown for 2 days
in DMEM-BS in the presence of PDGF and T3, labeled with the BAG retrovirus, and then grown for a further 4 days before labeling with
04 (Image D) and anti-GalC (Image C) antibodies and with X-Gal to visualize b-galactosidase reaction product. The reaction product is
shown in Image A, and phase-contrast images of the cells in Image B. The entire clone contained 28 cells (only half of which are shown).
Three of the X-Gal-labeled cells were GalC/ oligodendrocytes (2 of which are indicated by arrows in Image C). Although several other
O4/ members of this clone expressed a multipolar morphology (Image D), and seemed likely to be undergoing differentiation into oligoden-
drocytes, the majority of the members of this clone had the simple bipolar morphology typical of dividing O-2A progenitor cells (Images
B and D).
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FIG. 1—Continued. (c) Analysis of clones grown and labeled as in (a) reveals considerable heterogeneity of oligodendrocyte-containing clones,
regardless of whether T3 is present or absent from the medium. In these experiments, cultures derived from E17 rats were grown in DMEM-BS
containing PDGF ({T3) for 2 days before infecting cultures with the BAG virus and then grown for a further 2 or 4 days before analysis (time points
equivalent, respectively, to P0 or P2). As seen, clones containing oligodendrocytes or multipolar cells that were O4/GalC0 frequently contained bipolar
O-2A progenitor cells. Clones also frequently contained unlabeled cells even when cultures were stained with the A2B5 antibody; as discussed in the
text, there are multiple possible explanations for this result. Note also that for cultures grown in the presence of T3, 10/14 of the clones contained
oligodendrocytes and/or multipolar O-2A-lineage cells by the time point equivalent to P2. This experiment was repeated twice with similar results. (d)
Analysis of clones obtained by growing cultures from E19 rat cortex in DMEM-BS supplemented with PDGF and T3, infecting cells with the BAG
retrovirus after 2 days of in vitro growth and then growing cultures for a further 6 days before analysis reveals that most oligodendrocyte-containing
clones were heterogeneous in their composition and also contained progenitor cells. As for cultures prepared from E17 rats and analyzed at a time
equivalent to P2, almost all clones contained oligodendrocytes and/or multipolar cells. This experiment was repeated twice with similar results.
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ing the bacterial b-galactosidase gene. Cultures of embry- oligodendrocyte generation in cultures of O-2A progenitor
cells derived from optic nerves of P7 rats is, with a highonic brain from E17 and E19 rat pups were prepared as de-
scribed under Materials and Methods and labeled with a frequency, associated with differentiation of most or all
clonally related cells at approximately the same time, withdilution of virus such that we rarely saw more than 10 well-
dispersed clones of cells spread over the surface of the slide undifferentiated members of the clone generally expressing
a multipolar morphology indicative of progression along the¯ask (a clonal density of 1/100±120 mm2). Pups of this age
were used to increase the probability of labeling a clone oligodendrocyte pathway (Temple and Raff, 1986; Raff et
al., 1988; Wren et al., 1992). Second, it has recently beenof cells that would differentiate along the O-2A lineage.
Cultures were labeled with retrovirus at either 2 days or 4 suggested that thyroid hormone (or other hydrophobic sig-
naling molecules) is required in order to generate oligoden-days after plating and were then stained and analyzed at
times corresponding to the day of birth (P0), P2, and P6. drocytes from dividing O-2A progenitor cells isolated from
optic nerves of postnatal rats (Barres et al., 1994a). In anAnalysis of cultures infected with retrovirus to reveal
clonally related cells demonstrated clearly that oligodendro- attempt to discover the reasons for the differences between
these previously reported observations and the results ob-cytes were predominantly generated in heterogeneous colo-
nies of cells regardless of the presence or absence of T3 tained with embryonic cultures, we reexamined the divi-
sion and differentiation of puri®ed O-2A progenitor cells(Figs. 1a±1c). In E17-derived colonies grown in the presence
of T3 for 4 days 4/14 colonies contained oligodendrocytes, isolated from P1 and P7 rats and grown in DMEM-BS/T30
supplemented with PDGF { T3. These experiments al-while in the absence of this hormone oligodendrocytes were
found in 2/19 colonies. Progenitor cells were present in all lowed us to determine whether our results differed from
expectations due to the use of embryonic cultures or dueoligodendrocyte-containing colonies consisting of more
than 4 cells. These indications of asymmetric division and to the inability to study puri®ed O-2A progenitor cells from
embryonic brain. In addition, by using puri®ed cells isolateddifferentiation in single clones were not an artifact of look-
ing at only a single early time point, as in cultures examined from optic nerves of postnatal rats, it was possible to catego-
rize cells as oligodendrocytes or progenitor cells on the basis2 days later (i.e., a time equivalent to P2) evidence of hetero-
geneity in oligodendrocyte-containing colonies was still of morphology. The validity of distinguishing oligodendro-
cytes from progenitors on the basis of morphology was con-more apparent, and extensive heterogeneity was maintained
for at least another 4 days of in vitro growth (data not ®rmed at the end of the experiment by staining cultures
with a combination of A2B5 and anti-GalC antibodies. Inshown). Even when cultures derived from E19 rat pups were
grown in the presence of T3 for 6 days in vitro before immu- contrast with our observations with cultures labeled with
the BAG retrovirus (in which some b-galactosidase-labelednostaining, almost all of the oligodendrocyte-containing
colonies still consisted of a mixture of oligodendrocytes and cells with oligodendrocyte-like morphologies did not ex-
press detectable galactocerebroside), cells in the puri®edprogenitor cells (Fig. 1c).
In the analyses conducted on embryonic cultures, it was cultures that were scored as oligodendrocytes on the basis
of their morphology were consistently GalC/ and cellsalso noteworthy that many of the clones examined con-
tained cells which did not label with the A2B5 or O4 anti- scored as progenitors were consistently A2B5/GalC0.
O-2A progenitors isolated from P1 rats and grown in thebodies but which clearly were members of a clone with O-
2A lineage cells in it. It is not yet known whether this presence of PDGF / T3 divided effectively and generated 3
different types of clones (Fig. 2). There were homogeneousstaining pattern re¯ects an effect of b-galactosidase expres-
sion on expression of the cell surface antigens studied, an clones consisting wholly of bipolar progenitors, heteroge-
neous clones containing both multipolar oligodendrocytes,effect of the X-Gal reaction on the ¯uorochromes, or the
presence in these clonal colonies of pre-O-2A progenitor and bipolar progenitors and homogeneous clones consisting
wholly of multipolar oligodendrocytes. In these experi-cells (which require further maturation in order to express
the markers used to characterize O-2A progenitor cells; ments, by Day 4 only 3.5% of colonies were composed
purely of O-2A progenitors, and 45% were composed whollyGrinspan et al., 1990; Hardy and Reynolds, 1991). As dis-
cussed below, however, experiments on puri®ed O-2A pro- of multipolar oligodendrocytes. The remaining 57.5% con-
tained a mixture of bipolar progenitor cells and multipolargenitor cells derived from postnatal animals also were con-
sistent with the hypothesis that oligodendrocyte generation oligodendrocytes. Division continued within at least some
of the progenitor-containing colonies for at least 2 moreoccurs largely in association with asymmetric division and
differentiation. days, as maximal colony sizes of the heterogeneous clones
increased from 15 to 22 cells. At this ®nal time point, 17%
of the clones still were heterogeneous in their composition,
Effects of PDGF and T3 on Division and with several of these clones consisting predominantly of
Differentiation of Puri®ed O-2A Progenitor Cells bipolar progenitor-like cells. No homogeneous progenitor
Derived from Postnatal Rat Optic Nerve clones were observed on Day 5 (not shown) or 6 (Fig. 2).
When P1-derived O-2A progenitor cells were exposed toThe results obtained from our studies on the timed gener-
ation of oligodendrocytes in fetal brain cultures differ from PDGF but not to T3, we did not observe any alteration in
the probability of an individual clone of cells generating atprevious results obtained from the study of O-2A progenitor
cells isolated from the optic nerves in two respects. First, least one oligodendrocyte within 4 days of in vitro growth.
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FIG. 2. Dividing puri®ed O-2A progenitors from P1 rat optic nerve generate oligodendrocytes in the absence of thyroid hormone. The
three-dimensional Delta-Graph representation shows the number of clones containing particular combinations of oligodendrocytes and
progenitor cells. Pure colonies of oligodendrocytes are shown in gray and pure colonies of progenitors in black. White colonies are
heterogeneous and contained both progenitors and oligodendrocytes. Colonies developing in the absence of T3 virtually all generated
oligodendrocytes by the fourth day of in vitro growth. The addition of T3 enhanced the extent of oligodendrocyte generation within
individual clones, however, such that cultures grown in the presence of T3 had a higher probability of consisting predominantly of
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We did, however, observe an enhancement of progenitor by Barres and colleagues, which contains 10 ng/ml PDGF
/ 5 ng/ml NT3 / 10 ng/ml CNTF / 10 mM forskolin {self-renewal within heterogeneous colonies and a reduction
in the formation of clonal families of oligodendrocytes. Mi- 30 nM T3.
When examined on Day 6, 65% of clones developing fromnor differences between T30 and T3/ conditions were seen
after 2 days of in vitro growth (data not shown), with differ- puri®ed O-2A progenitor cells, derived from P1 rats and
grown in the complete cocktail of factors described above,ences in clonal composition becoming more clearly observ-
able from Day 3 onward (Fig. 2). The percentage of clones were heterogeneous and contained both oligodendrocytes
and progenitor cells (Fig. 4). As observed for cultures grownthat were composed wholly of oligodendrocytes was re-
duced in cultures grown in the absence of T3 and was, for in medium supplemented only with PDGF, the percentage
of clones that contained at least one oligodendrocyte wasexample, 15% on Day 4 and 38% on Day 6 (compared with
®gures of 45 and 83%, respectively, if T3 was present). In not signi®cantly altered by the presence or absence of T3,
in that 60% of the clones developing in the absence of T3addition, the heterogenous colonies contained a greater rep-
resentation of O-2A progenitors in the absence of this hor- also contained one or more oligodendrocytes. It was striking
in these experiments, however, that the size and composi-mone than in its presence (average values of 58% vs 27%,
respectively, for Day 4 and 38% vs 9% on Day 6). As would tion of colonies were very different in two respects from
those which occurred in cultures exposed only to PDGF.be expected if differentiation of dividing progenitors into
nondividing oligodendrocytes occurred less frequently, First, virtually all oligodendrocytes were generated in het-
erogeneous colonies that contained both oligodendrocytesthere was also an increase in average colony sizes in cultures
grown in the absence of T3; for example on Day 6 the aver- and progenitors, and these cultures contained no clones
composed wholly of oligodendrocytes. Second, the averageage colony size was 8.3 cells, compared with a value of 6.5
for comparable cultures grown in the presence of T3. It is colony sizes obtained in these conditions were very much
larger than had been seen in cultures exposed only to PDGF.critical to note, however, that almost every single clone of
cells examined from Day 4 onward contained clearly recog- Regardless of the presence or absence of T3, the average
colony size was seven- to eightfold higher in cultures ex-nizable oligodendrocytes; although some clones contained
only 1 oligodendrocyte, other clones contained as many as posed to PDGF /NT3 / CNTF / forskolin than in compa-
rable cultures exposed to PDGF (compare Figs. 4 and 2).9 such cells. Thus, as for the embryonic cultures, the ab-
sence of T3 did not preclude the generation of oligodendro- This ®gure is in fact an underestimate of the increase in
clone size, as clones that had grown so large as to abutcytes from dividing O-2A progenitor cells.
P7-derived O-2A progenitor cells grown in DMEM-BS/ against other clones were not included in the results; the
cellular composition of these larger ``clones'' was similarT30 and supplemented with PDGF { T3 behaved similarly
to cells derived from optic nerves of P1 rats. Virtually all to that observed in the colonies for which clonal origin was
not ambiguous.clones of cells contained oligodendrocytes by the fourth day
of in vitro growth. There were generally fewer progenitors O-2A progenitors isolated from P7 rat optic nerves
showed both similarities and differences from P1-derivedper clone if T3 was present, but heterogeneous clones con-
taining bipolar progenitors were still present on Day 6 even cells. When we examined the division and differentiation
of O-2A progenitor cells derived from P7 rats and grown inin the presence of T3 (Fig. 3).
the combination of PDGF, NT3, CNTF, and forskolin, we
found that the presence or absence of T3 again had no effect
Reexamination of the Effects of NT3, CNTF, and on the probability that a clone of cells would generate oligo-
Forskolin on O-2A Progenitor Division and dendrocytes. As shown in Figs. 4C and 4D, however, the
Differentiation P7- derived cells generated virtually no oligodendrocyte-free
clones: 97% of the clones derived from P7 O-2A progenitorOur observations that O-2A progenitor cells derived from
neither embryonic rat brain nor postnatal rat optic nerve cells and examined after 6 days of in vitro growth contained
at least one oligodendrocyte regardless of whether T3 wasexhibited a dependence on T3 for the generation of oligoden-
drocytes when cells were induced to divide by PDGF con- added to the medium. In addition, the extent of enhanced
division obtained by growth of P7-derived cells in this com-trast strikingly with those predicted from recent studies of
Barres et al. (1994). To attempt to resolve the disparities plex cocktail of factors was less than was observed with P1-
derived cells.between these different observations we therefore examined
the division and differentiation of puri®ed O-2A progenitor Although T3 did not appear to greatly modify behavior
of the O-2A progenitors in any of the conditions examinedcells in the more complex tissue culture medium utilized
oligodendrocytes. In the presence of T3, however, even after 4 days of in vitro growth most oligodendrocyte-containing colonies still
contained O-2A progenitor cells. The ®gure also demonstrates the extensive progenitor cell division induced by PDGF applied in the
absence of NT-3. The ®gure shown represents data from a single experiment. The entire experiment was repeated nine times with cultures
plated at various clonal densities (to determine if cell density altered experimental outcome), with examination of a total of almost 600
independent clones. Similar results were obtained in all experiments.
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FIG. 4. T3 is not required for the generation of oligodendrocytes when dividing progenitor cells are simultaneously exposed to PDGF,
NT3, CNTF, and forskolin. O-2A progenitor cells were puri®ed from optic nerves of P1 or P7 rats and were grown at clonal density in
the indicated conditions. As shown, the presence or absence of T3 made no difference at all in the proportion of colonies that generated
at least one oligodendrocyte, although clones developing in the presence of T3 tended to contain more oligodendrocytes than did clones
developing in the absence of T3. The ®gure shown represents data from a single experiment. The entire experiment was repeated three
times with examination of a total of 70±80 independent clones/experiment. Similar results were obtained in all experiments.
thus far, it was clear that exposure of O-2A progenitor cells NT3 Partially Suppresses Oligodendrocyte
to PDGF, NT3, CNTF, and forskolin led to very different Generation in O-2A Progenitor Colonies Induced
patterns of growth than were obtained with PDGF alone. to Divide by PDGF
We therefore next attempted to dissect the contributions of
When we compared the composition of clones of P1-de-each of these factors to the modulation of progenitor cell
division and differentiation. rived O-2A progenitor cells exposed to a combination of
FIG. 3. Dividing puri®ed O-2A progenitors from P7 rat optic nerve generate oligodendrocytes in the absence of thyroid hormone. This ®gure
demonstrates the similarity of response to these particular culture conditions between progenitors from P1 optic nerve (Fig. 2) and progenitors
isolated from P7 optic nerve. The description of Fig. 2 applies equally to Fig. 3. The ®gure shown represents data from a single experiment.
The entire experiment was repeated eight times with cultures plated at various clonal densities (to determine if cell density altered experimental
outcome), with examination of a total of almost 600 independent clones. Similar results were obtained in all experiments.
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FIG. 5. NT3 increases the probability of O-2A progenitor self-renewal, but is not required for progenitor cell division. O-2A progenitor
cells growing in the presence of PDGF / T3 were able to divide several times and generated colonies containing up to 10 cells over the
course of 6 days. Clones also exposed to NT3 generated, on average, fewer oligodendrocytes per clone than clones not exposed to NT3.
As would be expected if the generation of oligodendrocytes was suppressed, the size of clones developing in the presence of NT3 was
somewhat larger than in its absence, but over this same time period, only a small number of colonies were generated consisting of more
than 10 cells. The ®gure shown represents data from a single experiment. The entire experiment was repeated ®ve times with examination
of a total of 70±80 independent clones/experiment. Similar results were obtained in all experiments.
PDGF, NT3, and T3 with clones exposed to only PDGF and alone. In addition, the ratio of progenitors to oligodendro-
cytes in heterogeneous clones exposed to NT-3 was higherT3, we found that the presence of NT3 partially suppressed
oligodendrocyte generation (Fig. 5). At Day 4, clones growing than was observed in cultures exposed only to PDGF / T3
(with 62% of the cells in heterogeneous clones being progeni-in the presence of PDGF /NT3 / T3 contained fewer oligo-
dendrocytes than those exposed only to PDGF / T3, and a tor cells in the presence of NT-3, compared with 40% in the
absence of NT-3). These different probabilities of oligoden-higher proportion of the clones in the NT3/ conditions were
composed wholly of bipolar progenitor-like cells. Suppres- drocyte generation were associated with differences in total
oligodendrocyte numbers in the two conditions, with 141/sion of generation of oligodendrocytes by NT3, although par-
tial, was still readily observable after 6 days of in vitro 408 total cells (i.e., 35%) being oligodendrocytes when NT-
3 was present, compared with 264/330 total cells (i.e., 80%)growth. At this time point, the majority of clones observed
in the presence of NT-3 contained both bipolar progenitors being oligodendrocytes in cultures grown in the absence of
NT-3. As with cells derived from P1 rat optic nerves, theand multipolar oligodendrocytes. Nonetheless, even after 6
days of in vitro growth 14/72 clones consisted wholly of O- further addition of NT3 to clones of P7-derived O-2A progeni-
tor cells also appeared to partially suppress oligodendrocyte2A progenitor cells in cultures exposed to PDGF / NT-3,
compared with 2/72 clones in cultures exposed to PDGF generation (data not shown).
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Effects of Forskolin and CNTF
Examination of the effects of forkolin and CNTF revealed
a complex interplay between these factors and PDGF, NT3,
and T3 in modulating the division and differentiation of O-
2A progenitor cells. When we added forskolin to cultures
exposed to PDGF, NT3, and T3, we found a dramatic sup-
pression of oligodendrocyte generation and enhancement of
progenitor division (compare Figs. 6A with 6B). In cultures
exposed to all four factors for 6 days, 84% of the colonies
consisted wholly of bipolar progenitor cells and 16% con-
tained oligodendrocytes (Fig. 6B). In contrast, oligodendro-
cytes were present in 64% of the colonies developing in
parallel cultures grown in the absence of forskolin (Fig. 6A).
In addition, average colony sizes were threefold higher than
occurred in cultures exposed only to PDGF, NT3, and T3.
Effects of forskolin on P-7-derived O-2A progenitor cells
were similar, but less marked (data not shown).
CNTF had several effects on the behavior of P1-derived
O-2A progenitor cells. When CNTF was present together
with all four other factors studied, it had the paradoxical
effects of both further enhancing cell division and promot-
ing the generation of oligodendrocytes (compare Fig. 6B
with Fig. 4A). When we compared the behavior of clones of
P1-derived O-2A progenitor cells grown in PDGF, NT3, and
T3 with clones exposed to these three factors plus CNTF,
we again found these paradoxical effects. The average clone
size was twofold higher if CNTF was present, but the total
generation of oligodendrocytes was also enhanced (Fig. 6C).
In cultures derived from P7 rats, we no longer observed
an effect of CNTF on cell division, but we did observe an
enhanced generation of oligodendrocytes when CNTF was
added to the cocktail of PDGF, NT-3, T3, and forskolin
(data not shown). Moreover, the comparative enhancement
in generation of total cells seen with CNTF was only ob-
served when NT-3 was also present (data not shown).
Generation of Oligodendrocytes in Vivo and in
Optic Nerves of Hypothyroid Animals
The results described thus far would suggest that in hypo-
thyroid animals there should be a reduction in the numbers
of oligodendrocytes formed during early developmental pe-
riods, but that this reduction might not be very severe. To
examine this possibility, pregnant rats were treated with
MMI to reduce thyroid hormone levels during gestation,
and pups born to these rats were both treated with MMI
and thyroidectomized shortly after birth; this complete set
of manipulations was carried out to reduce effects due to
FIG. 6. Forskolin suppresses oligendrocyte generation, while apparent placental transfer of maternal thyroid hormone
CNTF promotes oligodendrocyte generation. Clones derived from during pregnancy (Munoz et al., 1991).
O-2A progenitor cells isolated from P1 rats were grown as indicated
in the text in order to examine the effects of forskolin and CNTF.
When forskolin was added to cultures grown in the presence of
PDGF, NT3, and T3, generation of oligodendrocytes was markedly
inhibited, as indicated by the high proportion of colonies of pure oligodendrocytes per colony. The ®gure shown represents data from
progenitor cells (black bars). In contrast, when CNTF was added a single experiment. The entire experiment was repeated two times
to these cultures in place of forskolin, there was both an increase with examination of a total of 70±80 independent clones/experi-
in number of cells per colony and an increase in the number of ment. Similar results were obtained in both experiments.
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TABLE 2 O-2A progenitor cells suggest that the mechanism(s) regu-
Hypothyroid Animals Show a Reduced Generation of lating the timing of the initial appearance of oligodendro-
Oligodendrocytes, but Not of O-2A Progenitor Cells cytes is more complex than has been suggested previously
by ourselves and others (e.g., Temple and Raff, 1986; Raff
Percentage of representation in optic nerve et al., 1988; Hart et al., 1989a,b; Noble, 1991; Wren et al.,
cell suspension
1992; McKinnon et al., 1993; Barres et al., 1994a,b; ffrench-
Constant, 1994). In particular, we have found that it is possi-A2B5/ GalC/ GFAP/
cells cells cells ble to distinguish experimentally between the probability
that a clone of dividing O-2A progenitor cells will generate
P2 at least one oligodendrocyte at an appropriate time in vitro
Control 27.2 { 5.8 2.4 { 2.0 47 and the actual extent of oligodendrocyte generation in that
Hypothyroid 24.4 { 3.3 0.6 { 0.5 52
clone. While the latter process was in¯uenced by the pres-P6
ence or absence of T3, NT-3, and CNTF, the former wasControl 49.3 { 9.0 24.9 { 6.0 27 { 1.3
not. Our results also indicate the need for a revision ofHypothyroid 46.1 { 2.2 16.0 { 2.5 34 { 3.0
current views regarding the actions of T3, NT-3, and CNTFP8
Control 35 { 4.7 32.9 { 3.9 nd in the O-2A lineage.
Hypothyroid 35.6 { 2.2 17.2 { 0.43 nd
Note. Optic nerve cells were isolated from nerves of postnatal Initial Generation of Oligodendrocytes in Vitro
rats derived from mothers rendered hypothyroid by treatment with Predominantly Occurs in Association with
MMI and then thyroidectomized shortly after birth. Single cell sus- Asymmetric Division and Differentiation of O-2A
pensions were stained in suspension, as described previously, with Progenitor Cells
one of the antibodies shown, and the proportion of the total popula-
In cultures derived from E15 rat brain and grown in chem-tion labeled with the antibody was determined. All values for
A2B5/ cells and GalC/ cells represent the means of three indepen- ically de®ned medium supplemented with PDGF but not
dent experiments, as do the values for GFAP/ cells in P6 animals, T3, the initial generation of oligodendrocytes most fre-
while the values for GFAP/ cells for P2 animals were derived from quently occurred in colonies which also contained O-2A
only a single experiment. For each time point, a minimum of 600 lineage cells with the bipolar morphology of dividing pro-
randomly chosen cells were counted on four separate coverslips. genitors. Con®rmation that oligodendrocytes were being
nd, not determined. The proportionate representation of GalC/ oli- generated within single clonal families of cells in associa-
godendrocytes was consistently reduced in the optic nerves of hypo-
tion with asymmetric division and differentiation was ob-thyroid animals, but such cells were still present even in optic
tained by analysis of embryonic brain cultures labeled atnerves of P2 hypothyroid rats. In contrast, the proportionate repre-
limiting dilution with the b-galactosidase-expressing (BAG)sentation of A2B5/ cells did not differ between normal and hypo-
retrovirus (Price et al., 1987; Williams et al., 1991). Assyme-thyroid animals. Within the optic nerve, the A2B5/ population at
this stage consists predominantly of O-2A progenitor cells, with a tric division and differentiation was apparently not induced
relatively minor representation from immature oligodendrocytes. by the genetic manipulation of the cultures, as colonies
developing in unlabeled cultures displayed a similar as-
symetry, both initially and at least for several days after the
initial generation of oligodendrocytes.
To examine O-2A progenitor and oligodendrocyte genera-
tion in hypothyroid animals, we compared the glial cell
T3 Modulates the Extent of Oligodendrocytecomposition of the optic nerves of control and hypothyroid
Generation within Embryonic O-2A Progenitoranimals at 2, 6, and 8 days after birth. As shown in Table
Cell Colonies, but Not the Probability of a Colony2, pups born of MMI-treated mothers consistently had a
Generating at Least One Oligodendrocytereduced representation of oligodendrocytes in their optic
nerves compared with control animals. In contrast, no dif- Whether or not T3 was added to the medium of the em-
ferences between hypothyroid and control animals were ob- bryonic cultures which were not BAG-labeled,60% of the
served in the proportional representation of A2B5/GalC0 O-2A progenitor colonies observed generated oligodendro-
O-2A progenitor cells, nor in GFAP/ astrocytes, in single cytes at a time equivalent to the day of birth in vivo. This
cell suspensions prepared from optic nerves of these ani- result was not simply due to a lack of response to stimula-
mals. Thus, it appeared that O-2A progenitors, but not oli- tion of cultures with T3, as addition of this hormone was
godendrocytes, were being normally produced in vivo in associated with a dramatic increase in the proportion of
optic nerves of hypothyroid rats. oligodendrocytes present within each colony.
For colonies developing in either the presence or absence
of T3, there was no apparent relationship between the num-
DISCUSSION ber of oligodendrocytes found and the ratio of oligodendro-
cytes to progenitor cells, excepting that the rare colonies
consisting wholly of oligodendrocytes all contained 10 cellsSeveral unexpected ®ndings emerging from our present
studies on the generation of oligodendrocytes by dividing or less. A similar variability was seen in colonies unambigu-
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ously identi®ed as clones by labeling with the BAG retrovi- potent mitogen for puri®ed O-2A progenitor cells. NT-3 is
rus. Such variability lends further support to the hypothesis not required for this mitogenic action, but when present it
that the extent of oligodendrocyte generation within a sin- partially suppresses oligodendrocyte generation in O-2A
gle colony is regulated separately than the probability of a progenitor populations induced to divide by PDGF. T3
colony generating at least one oligodendrocyte. also modulates the extent of oligodendrocyte generation
within a clone of dividing progenitors. The absence of
T3, however, did not alter either the initial timing ofT3, CNTF, and NT-3 Modulate the Extent of
oligodendrocyte generation or the probability of a cloneOligodendrocyte Generation in Clones of
generating at least one oligodendrocyte. Moreover, theProgenitors Puri®ed from Postnatal Optic Nerve,
generation of oligodendrocytes from clonal families of pu-but Generally Do Not Alter the Probability That
ri®ed and dividing O-2A progenitors, grown in the ab-Individual Clones Will Generate at Least One
sence of retinoic acid, T3, or dexamethasone, indicatesOligodendrocyte
that these hydrophobic signaling molecules are not neces-
The concept that clonal symmetry can be modulated in- sary for the generation of oligodendrocytes from dividing
dependently of the probability that a clone of cells will progenitors. In addition, it appears that CNTF may be
produce at least one oligodendrocyte was consistent with able to enhance division of O-2A progenitor cells derived
our observations on the effects of NT-3 on division and from P1, but not P7, rat optic nerves. CNTF also promoted
differentiation of O-2A progenitor cells puri®ed from optic oligodendrocyte generation, as we have reported pre-
nerves of P1 and P7 rats. These studies were conducted viously (Mayer et al., 1994). It also is clear that these
speci®cally on puri®ed progenitor populations from P1 and factors can interact in vitro, and presumbably in vivo, in
P7 rats so as to be able to rule out indirect effects of the complex ways that will be determined by the combina-
factors examined on non-O-2A-lineage cells and to allow a tion of the factors presented, as well as by speci®c proper-
more complete comparison to be made with the results of ties of the O-2A lineage population being exposed to these
previous studies than is possible for the results obtained signaling molecules.
with embryonic tissue. Addition of NT-3 partially sup- All of the in vitro observations we have made on the
pressed oligodendrocyte generation and thus acted in a man- effects of the signaling molecules examined contrast
ner opposite to that of thyroid hormone. This NT-3-induced strikingly with those reported recently by Barres and col-
suppression required the presence of PDGF in the cultures, leagues. For example, Barres et al. (1994a) have suggested
and when applied in the absence of this O-2A progenitor
that PDGF does not promote O-2A progenitor division in
mitogen NT-3 had no discernible effect on the differentia-
the absence of NT-3 (Barres et al., 1994a), that T3 (or
tion of O-2A progenitor cells into oligodendrocytes (M.M.,
other hydrophobic signaling molecules) are required forunpublished results).
dividing O-2A progenitor cells to generate oligodendro-Very similar results to those obtained in embryonic cul-
cytes (Barres et al., 1994b), and that CNTF has no effecttures were obtained in experiments conducted with puri®ed
on generation of oligodendrocytes (Barres et al., 1994c).progenitor cells grown in chemically de®ned medium sup-
While we cannot offer an explanation for our very differ-plemented with PDGF and with cells grown in medium
ent ®ndings, we note two methodological factors of po-supplemented with the complex cocktail of PDGF, NT-3,
tential relevance. First, in preparing puri®ed O-2A pro-CNTF, and forskolin. In all of these situations, and for both
genitor cells, Barres and colleagues employ a trypsiniza-P1- and P7-derived progenitors, roughly similar percentages
tion step to remove cells from their immunopanningof O-2A lineage colonies contained oligodendrocytes regard-
dishes. In our own research, we have observed that suchless of whether T3, CNTF, and/or NT-3 were added to the
a manipulation reduces cell viability and can perturb re-medium. In the presence of T3 and CNTF, however, the
sponses to such factors as PDGF (unpublished observa-representation of oligodendrocytes within the oligodendro-
tions); this may conceivably be due to trypsin-mediatedcyte-containing colonies was enhanced. The only culture
damage of cell-surface receptors. Second, there are funda-condition in which there was an extended and marked re-
mental differences in data acquisition between the twoduction in the probability of a single clone of cells producing
sets of studies, in that we have analyzed colonies of cellsat least one oligodendrocyte was when cells were grown in
according to their exact composition, while Barres andthe speci®c combination of PDGF, NT-3, and forskolin
colleagues scored colonies according to ``the predominant({T3; see Fig. 6B, experiments in T30 conditions not
cell-type in the clone.'' This difference in data acquisitionshown).
could have severe consequences on subsequent interpre-
tations. For example, if our data on the effects of PDGF
Revised Views of the Functions of PDGF, CNTF, / NT-3 / CNTF / forskolin { T3 on P-1-derived optic
NT-3, and T3 in Modulating Differentiation in the nerve cells had been analyzed by the same criteria as those
O-2A Lineage used by Barres et al. (1994b), we would have concluded
that these cultures contained virtually no clones withOur studies allow us to draw the following conclusions
oligodendrocytes in them. In contrast, detailed analysison the actions of individual factors on O-2A progenitor divi-
sion and differentiation. First, we observed that PDGF is a of clonal composition revealed that 60% of the clones
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contained oligodendrocytes regardless of the presence or act in such a manner include CNTF and leukemia inhibi-
absence of T3. tory factor (Mayer et al., 1994), as well as members of the
transforming growth factor-b family (McKinnon et al.,
1993). In addition, it has been suggested that retinoic acidA Revised View on the Control of Timed
produced by astrocytes might have such an effect (Barres etDifferentiation in the Oligodendrocyte Lineage
al., 1994b); this suggestion is not supported, however, by
As discussed in the Introduction, previous analyses of experiments on embryonic spinal cord cultures, however,
the appropriately timed generation of oligodendrocytes have where it has been shown that retinoic acid has the diametri-
been interpreted in support of a model with the following cally opposite effect of suppressing oligodendrocyte genera-
features: Members of a dividing clone of O-2A progenitor tion (Laeng et al., 1994; Noll et al., 1994). The observation
cells share a cell intrinsic biological timing mechanism that that such asymmetry also can be readily generated within
causes related cells to tend to differentiate symmetrically clonal families derived from puri®ed O-2A progenitor cells,
and synchronously (Temple and Raff, 1986; Raff et al., 1988; however, demonstrates that an absence of differentiation
Hart et al., 1989a,b; Noble, 1991; Wren et al., 1992; McKin- can easily occur even in the absence of other cell types.
non et al., 1993; Barres et al., 1994a,b; ffrench-Constant, It is important to note, however, that it also is clear that
1994). This timing mechanism can reach the end of its mea- clones of O-2A progenitor cells derived from optic nerves
suring period without inducing differentiation if factors in- of postnatal rats do have the ability to undergo symmetric
hibiting differentiation are present (i.e., the combination of and synchronous differentiation under some circumstances
PDGF / bFGF; BoÈ gler and Noble, 1991, 1994) or if factors (Temple and Raff, 1986; Raff et al., 1988; Wren et al., 1992;
thought to be necessary for differentiation (i.e., particular Zhang and Miller, 1995). One important possible factor in-
hydrophobic signaling molecules; Barres et al., 1994b) are ¯uencing the outcome of such studies is that experiments
absent. in which clonal differentiation has been observed have been
It is dif®cult to imagine a model of symmetric division carried out in heterogeneous cultures containing astrocytes
and clonal differentiation able to accomodate our observa- (a potential source of CNTF and TGF-b) and also supple-
tions that when oligodendrocytes ®rst appeared in cultures mented with T3, conditions which could induce complete
of embryonic brain cells the number of oligodendrocytes clonal differentiation due to the action of these signaling
per colony ranged from 1 to 88, the proportion of oligoden- molecules. In other words, the apparently symmetric differ-
drocytes in heterogenenous colonies ranged from 1 to entiation observed in these conditions may have been pro-
81%, and that the fractional representation of oligodendro- moted by the action of cell-extrinsic signals.
cytes in a colony was not correlated with the number of We suggest that existing observations on the timed gener-
oligodendrocytes in that colony. ation of oligodendrocytes can be explained by the model
The hypothesis that the initial generation of oligodendro- illustrated in Fig. 7. This model has the following features:
cytes occurs asymmetrically within single clones of O-2A
progenitor cells is more consistent with the results of stud- (i) The initial generation of oligodendrocytes generally
ies (including the ones we have reported in this paper) in
occurs in association with asymmetric division and differ-
which b-galactosidase expressing retroviruses have been
entiation within clonal families of dividing O-2A progenitor
used to label single clones of O-2A progenitor cells in vitro.
cells. At present, it appears that the mechanism inducingAnalysis of such cultures generally has indicated that the
this initial generation of oligodendrocytes is cell intrinsic.generation of oligodendrocytes occurs in colonies which
(ii) Once clones have begun to generate oligodendrocytes,also contain O-2A progenitor cells (Vaysse and Goldman,
the probability of progenitor self-renewal can be modulated1990; Lubetzki et al., 1992; Zhang and Miller, 1995). While
by a variety of cell-signaling molecules. Thus, this regula-such studies have sometimes been carried out in a suf®-
tion is cell extrinsic.ciently different manner so as to make dif®cult any direct
Although it is not known whether the mechanism(s) in-comparison with studies on optic nerve cells, the consistent
volved in regulating the extent of oligodendrocyte genera-observation that oligodendrocytes can be generated in colo-
tion within individual clones is distinct from the one thatnies that appear asymmetric has been noteworthy.
initiates oligodendrocyte generation, these mechanisms areFor all the above reasons, we now believe that it is dif®-
distinct in their biological function. The ability of thyroidcult to justify a possible relevance of cell-intrinsic symmet-
hormone to modulate self-renewal probability but not theric differentiation of O-2A progenitor clones to the initial
initial generation of oligodendrocytes further suggests thatgeneration of oligodendrocytes. Even the small number of
these two mechanisms are distinct at least in part.symmetric clones seen in cultures growing in the absence
(iii) Dividing perinatal progenitor cells contain a cell-in-of such signals as T3 are of uncertain signi®cance. While
trinsic biological clock that measures a limited mitotic lifesuch clones could result from a mechanism which confers
span. Although it is not known whether this clock is mecha-a limited amount of symmetry (within a small number or
nistically distinct from the one that initiates oligodendro-cell divisions), they could also represent stochastic events,
cyte generation, these two clocks are distinct in their bio-or they could result from prior (i.e., in vivo) exposure of
logical function.cells to compounds that enhance the probability of oligoden-
drocyte formation within single clones. Proteins that could (iv) Even in conditions where progenitor self-renewal is
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FIG. 7. (A) The previous model of the control of the timely generation of oligodendrocytes. Dividing O-2A progenitor cell clones undergo
symmetric division and synchronous differentiation within a limited number of cell divisions. (B) A revised model of the control of the
timely generation of oligodendrocytes: O-2A progenitor cells from the embryonic rat brain divide and generate more progenitors in vitro
until a time equivalent to the rat's day of birth. At this point oligodendrocytes are generated within single clones of O-2A progenitors in
association with asymmetric division and differentiation. After this point, progenitors can either undergo self-renewing divisions ( ) or
can generate oligodendrocytes ( ), with the probability of either event occurring being modulated by the factors present in the extracellular
environment. CNTF and T3 increase the probability of oligodendrocyte generation, while NT-3 and FGF increase the probability of self-
renewing division occurring. The mitotic lifespan of dividing progenitors is limited by a functionally distinct biological clock ( ). The
ability of this second biological clock to induce oligodendrocyte generation and cessation of division can be overridden by the combination
of PDGF / FGF or, if cells are grown in the absence of T3, by the combination of PDGF / NT-3. In conditions where O-2A progenitor
cells are enabled to continue dividing beyond their normal mitotic life span, this second clock continues to measure elapsed time and
brings cells to a stage in which cells become refractory to the induction of cell division by PDGF alone and rapidly cease division and
undergo differentiation if FGF is removed (for the former condition) or T3 is added (for the latter condition).
favored, the clock controlling the limited mitotic life span mental conditions permit, most or all cells will become
oligodendrocytes (but see point vi).of dividing O-2A progenitor cells continues to function.
(v) Eventually the clock that limits mitotic life span (vi) A second differentiation pathway that may be avail-
able to dividing perinatal progenitor cells is the generationreaches the end of its measuring period. Providing environ-
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of O-2Aadult progenitors, which differ from their perinatal nant of human brain tumors, understanding precisely how
these different control points function to limit the mitoticcounterparts in morphology, cell cycle length, migratory
characteristics' apparent ability to undergo prolonged self- life span of O-2A progenitor cells may have a relevance
that extends beyond analysis of the mechanisms underlyingrenewal when stimulated to divide by astrocytes (Wolswijk
and Noble, 1989, 1992; Wolswijk et al., 1990, 1991; Wren et normal tissue development.
al., 1992; Engel and Wolswijk, 1996). It is not yet established
whether this transition is also controlled by a cell-intrinsic
biological clock, although existing data are consistent with ACKNOWLEDGMENTS
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